INTRODUCTION
In marine species, the lack of physical barriers to dispersal and migration hinders population differentiation (Waples 1998) . On the other hand, freshwater fishes whose ecological habitat is spatially fragmented and delimited downstream by the sea, cumulate restricted dispersal and migration capacities that favor population structuring (Ward et al. 1994) . Weak genetic differentiation in Anguilla species could result from 2 main features, as proposed for the 3 northern temperate regions eel species, A. anguilla, A. rostrata and A. japonica (Sang et al. 1994 , Wirth & Bernatchez 2001 . First, reproduction occurs in a species-ABSTRACT: Understanding the evolutionary processes underlying population structuring of freshwater eels is an essential step toward comprehending their exceptional life cycle. However, in order to infer evolutionary scenarios that account for the genetic structure of current populations, it is necessary to unravel the history of gene flow from the onset of population divergence to the present. We used a combination of population-genetics methods and Bayesian coalescent analyses, to search specifically for the gene flow history that could explain contemporary genetic patterns of 2 Anguilla marmorata populations previously identified in the Indian Ocean. The population structure of A. marmorata was analyzed by genotyping 444 eels sampled from both sides of the Indian Ocean. Using 2 mitochondrial 16S rRNA single-nucleotide polymorphisms (SNPs) and 10 nuclear microsatellite loci, we first provided corroborative evidence of the existence of 2 genetic stocks: the Sumatran and the southwestern Indian Ocean (SWIO) populations (nuclear F ST = 0.025 to 0.039). High frequencies of Sumatran haplotypes were found in SWIO localities (27 to 43%). Fitting the isolation-with-migration model to 16S rRNA sequence data led us to reject the hypotheses of inherited ancestral polymorphism and divergence with gene flow, but supported a recent secondary contact with unidirectional migration following a period of isolation. This scenario was confirmed by a cytonuclear disequilibrium found in SWIO, which also indicated that unidirectional migration was in progress. Finally, fitting simulated models of population composition to Bayesian assignments estimated from nuclear data suggested that Sumatran migrants are integrated in the SWIO breeding pool after their dispersal induced by the South Equatorial Current.
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Resale or republication not permitted without written consent of the publisher specific spawning area where the putative absence of assortative mating should not allow genetic differentiation (Wirth & Bernatchez 2001) . Second, larval homing to parental habitat is unlikely because a more or less passive transport of leptocephali across the ocean by currents is thought to randomly distribute the larval pool to the continental water systems (Sang et al. 1994 , McCleave et al. 1998 . Therefore, temperate-region eel species have long been considered as a paradigm of panmixia at the species scale. This theory, which emerged with the discovery of the A. anguilla spawning ground in the Sargasso Sea in 1920 (Schmidt 1925) , gave rise to many studies aimed at seeking genetic structure in a seemingly panmictic species. At first, neither nuclear allozymic markers nor mitochondrial DNA sequences had allowed the identification of distinct genetic pools in samples from different locations of the European eel's distribution area (De Ligny et al. 1973 , Comparini et al. 1977 , Lintas et al. 1998 ). More recently, 2 studies using microsatellite nuclear markers reported genetic variation between eel samples of different continental locations (Daemen et al. 2001 , Wirth & Bernatchez 2001 , and a positive correlation between genetic and geographic distances was independently shown with microsatellite and allozymic markers (Wirth & Bernatchez 2001 , Maes & Volckaert 2002 . The panmixia theory in the European eel was thus weakened by these results, until recent surveys showed that the structure previously evidenced could be explained by temporal genetic variation (Dannewitz et al. 2005 , Pujolar et al. 2006 . Overall, these findings suggest a population structure comparable to that of many marine fishes, showing a more or less panmictic population scheme with a low degree of genetic differentiation. In this context, where most mechanisms tend towards genetic homogenization, understanding how speciation can happen in eels is a challenging issue.
Some answers could be provided by the study of tropical eel species. The giant mottled eel Anguilla marmorata, which is the most largely distributed eel species, is unlikely to present such a simple population structure. This tropical species can be found within a large Indo-Pacific zone ranging from the eastern side of Africa to the Tuamotu Archipelago in Polynesia passing by Indonesia, and from South Africa to southern Japan. As these distant continental habitats are connected to different oceanic current systems that show private trajectories, a single spawning place from which larval dispersal would cover the whole distribution area is hardly conceivable. However, there is still little information available concerning the number and the location of spawning sites for A. marmorata. On the basis of leptocephali collections, Jespersen (1942) suggested the existence of several spawning areas across the species range. For instance, he captured a few large leptocephali larvae of A. marmorata northeast of Madagascar and hundreds of young leptocephali southwest of Sumatra, suggesting 2 possible breeding places in the Indian Ocean. However, a Sumatran spawning site could not be confirmed since species identification of small larvae was not possible. On the other hand, ages at metamorphosis obtained from otolith analyses of eels collected in the southwestern Indian Ocean (SWIO) showed such a large variation (60 to 180 d), that no spawning area location could be rejected on the basis of larval dispersal duration (Robinet et al. 2003 , 2008 . So far, the only A. marmorata spawning ground discovered as a result of leptocephali captures overlaps that of A. japonica in the western North Pacific . Recent molecular investigations based on mitochondrial control region variation revealed the existence of several geographic populations of A. marmorata, located around the North Pacific, Guam, Madagascar, Sumatra and the South Pacific (Ishikawa et al. 2004 , Minegishi et al. 2008 ). In the Indian Ocean, however, the genetic structure is still imprecisely described. First, the small nuclear differentiation suggested by amplified fragment length polymorphism (AFLP) marker variation between SWIO and Sumatra (Ishikawa et al. 2004) was not confirmed by microsatellite markers (Minegishi et al. 2008) . Second, discordant branches appeared in the phylogeographic control region trees, as some individuals from Madagascar and Reunion Island clustered with the Sumatran samples, whereas most SWIO individuals were robustly grouped into a divergent cluster containing only SWIO haplotypes (Ishikawa et al. 2004 , Minegishi et al. 2008 ). Overall, the genetic studies of A. marmorata suggested the existence of population-specific spawning areas in different oceanic divisions. Therefore, each eel population could be characterized by its own migration loop (i.e. conceptual migration route connecting the population's spawning area and its growth habitat, Tsukamoto et al. 2002) in a particular ocean current system (Ishikawa et al. 2004) .
In these efforts to understand the significant evolutionary processes prevailing in eels, most attention has been devoted to the mechanisms initiating the appearance and isolation of these migration loops, resulting in gene flow breaking and population divergence . Allopatric differentiation, which could be the underlying mechanism of population divergence, has never been clearly demonstrated in freshwater eels, however. Conversely, the possible roles of processes such as ongoing migration during divergence or secondary contacts after isolation, have not been fully considered in spite of their evolutionary relevance. In the Indian Ocean, Anguilla marmorata provides an interesting model to study these questions, as the patterns of genetic variation previously observed could alternatively derive from inherited ancestral polymorphism, differentiation with gene flow or secondary contact after divergence. New analytic tools separating the effects of time and gene flow on the levels of genetic divergence were recently suggested as a powerful means to disentangle these alternatives (reviewed in Nosil 2008) .
In the present study, we first re-examined Anguilla marmorata's current population genetic structure in the Indian Ocean using 2 mitochondrial singlenucleotide polymorphisms (SNPs) and 10 microsatellite markers on specimens collected in SWIO and Sumatra. Second, we tested the hypothesis of allopatric divergence foregoing a secondary contact between the SWIO and Sumatra populations by fitting the isolation-with-migration model on mitochondrial data. We then sought an association between mitochondrial haplotypes and nuclear genotypes to validate the secondary contact hypothesis and test for interbreeding. Finally, we constructed population models with simulated genetic data to estimate the population composition that most likely explains the cytonuclear genetic patterns observed in each locality. Our results confirm a mitochondrial and nuclear differentiation between western and eastern Indian Ocean populations, and support an evolutionary scenario of allopatric divergence followed by a recent asymmetrical secondary contact due to larval dispersal by the South Equatorial Current.
MATERIALS AND METHODS

Samples.
A total of 444 eels were caught by electrofishing. Young specimens measuring less than 200 mm total length, for which morphological species identification was uncertain or impossible, were all identified by semi-multiplex PCR (Gagnaire et al. 2007 ) to validate their classification as Anguilla marmorata. The overall sample consisted of 312 glass eels and elvers of total length ranging from 46 to 149 mm and 132 yellow eels ranging from 150 to 869 mm. Glass eels and elvers measuring less than 150 mm were considered to have recruited within the sampling year (Robinet et al. 2003) and were used as temporal samples. 398 specimens were sampled in the western Indian Ocean (102 in Mayotte Island, 88 in Madagascar, 106 in Mauritius Island and 102 off Reunion Island) and 46 in rivers on the western coast of Sumatra (Fig. 1) . The year and location of sampling, number of individuals and their life stage are listed in Table 1 .
DNA extraction. All samples were preserved in 95% ethanol. Genomic DNA was isolated from fin clips for yellow eels or muscle tissue for glass eels and elvers following the classical phenol-chloroform extraction protocol (Sambrook et al. 1989) or using a 5% w/v Chelex extraction solution (BioRad) after proteinase K digestion.
Mitochondrial SNP genotyping. Two mitochondrial SNPs located at nucleotide positions 432 and 562 of the 16S rRNA gene were genotyped in each specimen. Previous alignment of sequences obtained from specimens sampled throughout the whole geographical distribution of Anguilla marmorata revealed that position 432 was occupied by either a G or an A, and position 562 by a C or a T (Y. Minegishi unpubl. data). Since the North Pacific population, which is the most basal lineage in A. marmorata (Minegishi et al. 2008) , was fixed for the G432-C562 association, we considered it as the ancestral combination. Here, the genotyping procedure was based on the use of 2 forward and 2 reverse primers (Table 2) to perform 4 independent amplification tests for each individual. The external primers F314 and R618 that were nested in conserved regions at the species level were used as a positive control, leading to a 305 bp amplification product. The internal primers F408 and R578 had their 3' end at positions 432 and 562, and were designed to hybridize the haplotypes A432 and T562, respectively. Thus, the use of this pair of primers led to a 171 bp amplicon in individuals presenting both A432 and T562. The use of the primer pair F314/R578 led to a 275 bp amplicon in all T562 individuals, and of F408/R618 to a 211 bp molecule in all A432 samples. G432-C562 specimens were only positive for the control amplification. PCRs were initiated by a 3 min denaturation step followed by 35 cycles of 30 s denaturation at 95°C, 30 s annealing at 59°C, and 30 s extension at 72°C. Reactions were ended by a 2 min final extension step at 72°C. The amplification product lengths were determined by comparison with a 100 bp-scale size marker after 270 CCCTAAGTATCCTACATACAG  21  F314  F314  GTCTCTGTGGCAAAAGAGT  19  59  F408  F408  TCAGCCTTATGTAATTCTATAACCA  25  59  R578  R578  TGCTTTTGGGCCCACTA  17  59  R618  R618  CTGCATTTACCGGAGCTTTA  20  59 electrophoresis on a 1.5% agarose gel stained with ethidium bromide. Microsatellite genotyping. Genetic variation was assessed at 10 nuclear microsatellite loci developed for Anguilla japonica and A. rostrata. These were AJMS-3, AJMS-6 and AJMS-10 (Tseng et al. 2001 ), AjTR-4, AjTR-12, AjTR-37 and AjTR-45 (Ishikawa et al. 2001) , and Aro054, Aro063 and Aro095 (Wirth & Bernatchez 2001) . For each locus, the forward primer was 5'-labeled with one of the following fluorochromes: fluorescein, CY3 or CY5 (Table 2 ). PCR conditions were identical to those for SNP genotyping, except for the annealing temperature, which was adapted for each locus (Table 2) . Genotypes were obtained after electrophoresis with a DNA ladder on an 8% acrylamide denaturing gel scanned with the FMBIO II Multi-View (Hitachi) and analyzed with the software FMBIO Analysis 8.0.
Population genetic and statistical analyses. We calculated allelic diversity and heterozygosity (observed and non-biased expected heterozygosity [H o and H e , respectively] under Hardy-Weinberg equilibrium [HWE]), and tested deviation from HWE, linkage disequilibrium between pairs of loci and genetic differentiation with GENEPOP 3.4 (Raymond & Rousset 1995) . Allelic frequency variations between samples were evaluated by testing the null hypothesis of homogeneity in allelic distribution using Fisher's exact test assessed by Markov chain method (10 4 iterations). Population structure was inferred with Wright's fixation index (F ST ) estimated by θ (Weir & Cockerham 1984) as implemented in GENETIX 4.05 (Belkhir et al. 2004 ). The significance of multilocus F ST was evaluated by permutation tests (10 4 replicates). Bonferroniadjusted p values were provided each time independent tests were performed on the same data set.
To evaluate the relative proportions of total genetic variation explained by differentiation between Sumatra and SWIO regions versus among SWIO localities, we partitioned total genetic diversity among regions, among localities within SWIO region, and within localities by performing a hierarchical analysis of molecular variance (AMOVA) using ARLEQUIN 3.1 (Excoffier et al. 2005) .
We used the Bayesian clustering method implemented in STRUCTURE 2.0 (Pritchard et al. 2000) that infers the number of populations and assigns individuals to populations. The uppermost hierarchical level of structure within the entire data was detected with the ΔK statistic (Evanno et al. 2005) . In order to estimate each individual's probability of belonging to each population, the non-admixture model with the correlated allele frequencies between populations option was used, and the other parameters were set to their default values. In all cases, STRUCTURE was run using a burn-in period of 10 5 followed by 10 6 Markovchain Monte Carlo (MCMC) sweeps. F ST estimates, parameters likelihood and ln P (D) (probability of data) were checked to converge before the end of the 10 5 steps of the burn-in period, and run outputs that showed the highest ln P (D) and the lowest Var[ln P (D)] were selected. Individual assignment probabilities were then used to perform a kernel probability density estimation for each population. Kernel density estimates and statistical tests were achieved using R software (R Development Core Team 2007).
IMa analysis. To separately estimate the effects of time and gene flow on the level of genetic divergence, we used the IMa program based on the method described by Hey & Nielsen (2007) that fits a population divergence model to genetic data (Nielsen & Wakeley 2001) . The isolation-with-migration (IM) model assumes that 2 populations of effective size parameters q1 and q2 diverged from an ancestral population (of effective size parameter qa) at time t, and then exchanged migrants at rates m1 and m2. The coalescent-based approach implemented in IMa provides estimates of the joint posterior probability distribution of these scaled model parameters. Additionally, the timing of simulated migrations events in each genealogy sampled by the MCMC at stationarity can be recorded to generate a posterior distribution of migration times. Partial 16S rRNA sequences of 241 bp were used, 32 from Sumatra individuals, and 28 from Madagascar and Reunion Island samples (haplotypes deposited in GenBank under accession numbers AB278855-AB278867). To estimate demographic parameters, 16S rRNA mutation rates ranging from 0.1% (Lopez et al. 2000) to 0.7% million yr -1 (Miya & Nishida 1996 ) and a 0.25 inheritance scalar were set. We used uniform prior distributions. After preliminary runs to determine the upper bounds of prior distributions, these were set to 20 for q1, q2 and qa, and to 10 for m1, m2 and t. We performed metropolis coupling of Markov chains with a linear heating scheme using 10 chains and a heating term of 0.05. Each analysis began with a burn-in period of 2 × 10 5 steps after which 10 5 genealogies were saved every 100 steps for parameter estimation. We expected that m1 = m2 = 0 under the inherited ancestral polymorphism hypothesis, but m1 ≠ 0 and/or m2 ≠ 0 under the alternative hypotheses. These were evaluated by analyzing the distribution of the migration events' mean time, expected to be narrow and close to t = 0 in the case of recent secondary contact but broad for divergence with gene flow (Nosil 2008) . Data sets simulation. In order to evaluate the power of the statistical methods applied in this study and compare our real data with known models, we built simulated data sets. Microsatellite genotype data of 2 populations showing a divergence level characterized by F ST = 0.03 were simulated using EASYPOP 2.0.1 software (Balloux 2001). Initial genetic diversity was set to 1 allele at each of the 10 loci evolving under a single-step mutation model with a 2 × 10 -4 mutation rate. To reach the desired divergence level, 5000 males and 5000 females evenly distributed into 2 populations were allowed to computationally evolve in panmixia for 10 4 generations with a migration rate of 5 × 10 -4 under the island-migration model. 250 individuals were randomly sampled from each population after genotype simulation to represent the parental populations' samples Pop1 and Pop2. These samples were characterized by an average number of 7 (from 5 to 8) alleles over the 10 loci and an average observed heterozygosity of 0.70 for Pop1 and 0.65 for Pop2. We simulated 10 4 F 1 hybrid genotypes (obtained by crossing the 2 parental samples) using HYBRIDLAB 1.0 (Nielsen et al. 2006) , and randomly sampled 100 F 1 hybrids from among them to build the Hybrid F 1 (HF 1 ) sample. ). While the GC type was dominant in Sumatra (96%), it was found at lower frequencies in all SWIO localities (Mayotte 31%, Madagascar 43%, Mauritius 31% and Reunion 27%), in which AT was the dominant type. Sumatra showed 3 different haplotypes: GC, AC (n = 1) and AT (n = 1), whereas 2 haplotypes (AT and GC) were observed in SWIO. No significant haplotype frequency difference could be detected among pairs of SWIO localities, or between temporal samples available in Mayotte and Reunion Islands.
RESULTS
Mitochondrial SNP differentiation
The linkage between 16S rRNA SNPs types and control region groups defined by Ishikawa et al. (2004) was tested (sequences from Minegishi et al. 2008 ). The test revealed that all the AT individuals from the SWIO belonged to the very robust Malagasy group (Group B in Ishikawa et al. 2004 ) obtained with control region sequences. In contrast, all the GC individuals were nested in the Sumatran branches of the control region tree (Group F in Ishikawa et al. 2004 ). Thus, the linkage between 16S rRNA and control region markers allowed us to identify the D-loop group simply by genotyping two 16S rRNA SNPs. Interestingly, the 2 AT and AC specimens found in Sumatra presented the same Indonesian control region type as the GC individuals (Group F).
Nuclear genetic diversity, HWE and linkage disequilibrium
Population and locus-specific genetic diversity indices are provided in the Appendix, Table A1 . All samples showed similar levels of polymorphism, with observed heterozygosities ranging from 0.484 (Sumatra) to 0.513 (Reunion), and expected heterozygosities ranging from 0.492 (Sumatra) to 0.536 (Reunion). Allelic richness (AR) (± SE) was also similar in all samples (Mayotte: AR = 7.40 ± 4.27; Madagascar: AR = 6.80 ± 3.68; Reunion: AR = 7.70 ± 4.50; Mauritius: AR = 7.9 ± 4.43; Sumatra: AR = 6.60 ± 3.98). Comparisons of H o , H e and AR across samples using 1-way ANOVA were statistically not significant (H o : p = 0.999; H e : p = 0.997; AR: p = 0.947). Significant departures from HWE corresponding to heterozygote deficiencies were observed in Mauritius (p = 0.0275) and Reunion (p < 0.001). A significant within-sample genetic linkage was found for 7 pairs of loci among the 225 tested, but given that disequilibria involved different pairs of loci from one sample to another, these loci were unlikely to be physically linked.
Nuclear genetic differentiation among samples
We evaluated the separate effects of temporal and spatial genetic variation independently with the temporal samples available in the SWIO. Genetic variation among annual cohorts of a locality was tested in Reunion and Mayotte between 2005 and 2006, although some temporal sample sizes were low in this particular analysis (MayM6: N = 15; ReuAM5: N = 21, see Table 1 for sample abbreviations). No significant genetic variation was detected between temporal samples in Mayotte (F ST = 0.002, ns) and Reunion Islands (F ST = 0.010, ns). Spatial genetic variation among synchronous samples consisting of glass eels and elvers of different geographical locations was not significant in 2006 (global F ST = 0.005, ns) but significant in 2007 (global F ST = 0.005, p = 0.037). However, geographic differentiation between SWIO synchronous cohorts was not supported by the 9 possible pairwise comparisons, all of which gave non significant F ST values.
Temporal homogeneity among the annual cohorts in SWIO justified the grouping of samples from each locality for the study of Anguilla marmorata genetic structure in the Indian Ocean. A weak but highly significant genetic differentiation was detected among these 5 samples (global F ST = 0.009, p < 0.0001). Although most of the genetic variation was found within localities (96.96%), the proportion of total genetic variation evidenced among Sumatra and SWIO regions (2.77%) was 10 times higher than that found among localities within the SWIO (0.27%) (AMOVA). This result was supported by the highly significant pairwise F ST values, ranging from 0.025 to 0.039 (p < 0.0001) obtained between Sumatra and SWIO localities (Table 3) . These F ST values were negatively correlated with the GC SNP proportions found in the corresponding SWIO localities (Spearman's r S = -0.949, p = 0.026). The east-west genetic differentiation was also supported by highly significant Fisher's exact tests of allelic frequencies heterogeneity among samples (p < 0.0001). Among the 10 microsatellite markers analyzed, 8 loci showed significant frequency variation in pairwise comparisons between Sumatra and SWIO localities. A small but significant genetic differentiation was found between Mayotte and Reunion Islands (F ST = 0.006, p = 0.017), suggesting a more subtle genetic structure within the SWIO region. However, no significant pairwise F ST value or overall allelic frequencies difference was found among Mauritius, Madagascar and Mayotte samples.
Estimation of demographic parameters using the IM model
The marginal posterior probability curves for migration rate parameters showed m1 = 0 and m2 ≠ 0 (Fig. 2) .
This supports the hypothesis of unidirectional migration from Sumatra to the SWIO and undermines the ancestral polymorphism hypothesis. The probability distribution of the mean time of migration events was narrow and close to 0, suggesting that a recent secondary contact after a period of isolation was more likely than ongoing gene flow during the divergence process (Fig. 2) . Probability density estimates of scaled parameters q1 and q2, proportional to the effective population sizes, revealed that the SWIO population could have an effective population size 10 times higher than the Sumatra one. Using 2 extreme molecular clocks of 0.1% per million years (Myr) (Lopez et al. 2000) and 0.7% Myr -1 (Miya & Nishida 1996) , the time of population split was estimated to range from 100 000 to 700 000 yr.
Bayesian individual assignments with microsatellite data
The ΔK statistic (Evanno et al. 2005) succeeded in detecting the right number of clusters when the 2 simulated parental populations showing a low divergence level (F ST = 0.03) were analyzed together with the Bayesian assignment method implemented in STRUC-TURE (Pritchard et al. 2000) . Thus, the ΔK seemed powerful enough to correctly detect 2 low diverging populations with 10 microsatellite markers. When applied to the real microsatellite data, the ΔK method indicated the existence of 2 populations in the Indian Ocean. Assignment probabilities were then computed using the non-admixture model with K = 2, because the admixture model failed to perform well due to the low level of genetic divergence in the data. The Wilcoxon-Mann-Whitney test showed non-identical rank distribution between individual assignment probability values of mitochondrial AT and GC groups in 273 Fig. 2 . Anguilla marmorata. Marginal posterior probability distributions for migration rates parameters (a) m1 and (b) m2, and (c) mean time (t ) of migration events from population divergence to the present day (all parameters are scaled by the mutation rate). Calculations were based on partial 16S rRNA sequences. The 5 curves in each plot correspond to probability distributions obtained over 5 runs, using identical prior distributions and parameter settings but different seed numbers. A linear heating scheme was used for multiple Markov-coupled chains running with 10 chains and a heating term of 0.05, swapping rates between successive chains ranged between 19 and 72%. SWIO: Southwest Indian Ocean the SWIO, with higher ranks being found in the AT than in the GC group (p = 0.005). Thus, a cytonuclear disequilibrium was evidenced in the SWIO between the nuclear genotypes of individuals showing SWIO mitochondrial haplotypes and those belonging to the Sumatran mitochondrial group. Fig. 3 illustrates the contrasted probability density patterns found between the AT and GC mitochondrial groups in each SWIO locality, in comparison with the probability density of Sumatra. Individual assignment probabilities were estimated under the same conditions on a simulated data set built by joining the Pop1, Pop2 and HF 1 simulated samples. Models were then constructed by randomly sampling assignment probabilities of hybrids and purebreds from the same population, so that the hybrid proportion in models ranged from 0 (only purebreds) to 90%. Fig. 3b ,c shows the probability densities estimated for 6 population models built with each parental population. Contrasted patterns of assignment probability density between the models in Fig. 3b and those in Fig. 3c showed that density patterns could be distinguished even though low genetic divergence weakens individual assignment probability estimation. Empirical probability distributions of each locality were then compared to the 12 probability distributions obtained with simulated populations using a KolmogorovSmirnov test (Table 4 ). 274 Fig. 3 . Anguilla marmorata. (a) Probability density estimates (drawn from individual assignment probabilities estimated for 2 clusters with STRUCTURE) for Mayotte (May), Madagascar (Mad), Reunion (Reu), Mauritius (Mau) and Sumatra (Sum). Southwest Indian Ocean (SWIO) haplotype groups' densities were estimated separately and represented as full lines for the AT group and dotted lines for the GC group. Individual probability of belonging to the SWIO population increases from 0 to 1 on the abscissa axes, and is inversely proportional to the probability of belonging to the Sumatra population. Probability densities estimated for simulated populations: (b) Pop1 and (c) Pop2 with F 1 hybrid proportions varying from 0 to 90%
DISCUSSION
Confirmation of 2 populations in the Indian Ocean
The genetic differentiation found at microsatellite loci and mitochondrial SNPs between Sumatra and SWIO localities suggested nonrandom mating among eels from the eastern and western sides of the Indian Ocean. Moreover, the ΔK statistic (Evanno et al. 2005) revealed the existence of 2 distinct genetic groups based on microsatellite variation. Therefore, this study confirms the existence of 2 populations of Anguilla marmorata in the Indian Ocean.
The results of mitochondrial SNP variations obtained here confirmed previous findings, since east-west mitochondrial differentiation was already observed by Ishikawa et al. (2004) and Minegishi et al. (2008) . Both detected a cluster of SWIO haplotypes supported by a 100% bootstrap (Group B in Ishikawa et al. 2004) , contrasting with a less robust group of haplotypes in which all Sumatra individuals clustered with some from SWIO (Group F). The perfect linkage between the 16S rRNA gene and the control region on the mitochondrial chromosome enabled a comparison with earlier findings, given that the SWIO AT association corresponded to the control region Group B, whereas individuals from Group F had the GC combination (except for 2 specimens from Sumatra that had AT and AC association). Our results were then consistent with previous studies, since 100% of Sumatra samples displayed Sumatran haplotypes, whereas SWIO eels were characterized by a mixture of SWIO and Sumatran haplotypes. In addition, the mean proportion of Indonesian haplotypes found in SWIO localities lay between those independently observed in the 2 former surveys (43% in Ishikawa et al. 2004 , 20% in Minegishi et al. 2008 in the present study). However, the significant genetic differentiation between Sumatra and SWIO observed in our study using 10 microsatellite loci contrasts with the lack of differentiation found by Minegishi et al. (2008) using 8 microsatellite loci. This might be due to Minegishi et al.'s (2008) sample size's (Reunion: N = 34; Madagascar: N = 33) limiting the observation of rare genotypes in SWIO. Despite their lack of statistical testing, the results from Ishikawa et al. (2004) seemed to better match the present study, as the 12% average of AFLP band difference found between Sumatra and Madagascar exceeded the within locality averages of 6.9 and 8%, respectively.
There is currently no ecological evidence supporting the existence of 2 breeding sites of Anguilla marmorata in the Indian Ocean. Larvae of this species could only be identified northeast of Madagascar during the Dana expedition (Jespersen 1942) , although some unidentified small leptocephali captured southwest of Sumatra were possibly coming from a putative Sumatran spawning area of A. marmorata. Spatial separation of spawning is, however, not necessary to explain genetic differentiation, as significant pairwise F ST values ranging between 0.007 and 0.040 were found between the 2 Atlantic species A. anguilla and A. rostrata (Wirth & Bernatchez 2003) , whose spawning areas nevertheless partially overlap in the Sargasso Sea. In this case, the significant pairwise F ST values calculated here among Sumatra and SWIO localities (F ST = 0.025 to 0.039) could alternatively be the consequence of temporal delay between the reproduction of adult eels from different locations. Therefore we hypothesize the existence of 2 geographically and/or temporally separated spawning areas between SWIO and Sumatra populations.
Evidence of current unidirectional gene flow
The haplotype diversity found in SWIO can be explained either by polymorphism inherited from the ancestral population, ongoing gene flow during divergence, or secondary contact between Sumatra and SWIO populations after isolation. IMa simulations based on partial 16S rRNA sequences suggested a period of isolation followed by modern unidirectional migration from Sumatra to SWIO as the most likely scenario.
The recent mean time of migration events estimated from mitochondrial data was supported by the analysis of microsatellite data. Although nuclear data could not allow the assignment of individuals to their population with a high probability, AT individuals showed higher ranks of assignment probabilities to the SWIO population than GC specimens, indicating the existence of a cytonuclear disequilibrium in the SWIO. This result was strengthened by the significant negative correlation found between GC proportions in SWIO localities and the microsatellite pairwise F ST values calculated between Sumatra and SWIO localities, which indicate that SWIO GC individuals are more closely related to Indonesian eels than SWIO AT specimens. This disequilibrium observed between the nuclear genotypes of AT and GC groups in the SWIO suggests that the secondary contact evidenced by mitochondrial data analysis is still in progress. Indeed, if Sumatra migrants do not contribute to the SWIO breeding pool, disequilibrium should disappear at the end of the migrants' lives if migration is not maintained. Alternatively, if Sumatra migrants interbreed with the local SWIO population, cytonuclear disequilibrium should be divided by 2 at each generation and would rapidly be undetectable after the end of the secondary contact. Therefore, a current inflow of Sumatra migrants to the SWIO region is necessary to explain the observed cytonuclear disequilibrium. This contemporary migration could also account for the significant heterozygote deficiencies evidenced in Reunion and Mauritius. The next step aimed at testing whether Indonesian migrants were possibly mating with individuals from the SWIO population. The Sumatra population assignment probability distribution, which had best fitted the model containing only Pop2 individuals, indicated that the Sumatra sample came from a rather homogeneous population. By contrast, the probability distributions of SWIO GC and AT groups did not fit the simulated Pop2 and Pop1 distributions, respectively, as would be expected if GC individuals were first-generation migrants from the Sumatra population and if AT individuals composed the SWIO population. Tests for goodness-of-fit with the different models assuming co-occurrence of purebreds and F 1 hybrids indicated that genetic admixture could better account for the SWIO groups' composition. The best fitted models for SWIO GC groups moreover suggested that Sumatra migrants preferentially reached the easternmost SWIO localities, which explained why significant heterozygote deficiencies were observed in Reunion and Mauritius, whereas Mayotte and Madagascar samples did not depart from HWE heterozygote proportions. Therefore, we propose that the secondary contact between Sumatra and SWIO populations is accompanied by interbreeding between SWIO individuals and Indonesian migrants, resulting in the high proportions of hybrids in the models fitted for SWIO groups. In order to simplify the tests, we used models assuming purebreds and F 1 hybrids only. However, later-generation hybrids could also occur in reality, since it was shown that the Atlantic eel species produce hybrids beyond the first generation in Iceland (Albert et al. 2006) . For this reason, the eventuality for introgressive hybridization in SWIO could not be rejected.
Several elements must be integrated to provide a new interpretation of Anguilla marmorata's evolutionary history in the Indian Ocean. The estimation of the time of divergence between Sumatra and SWIO populations, although it should be taken with care, showed that the split could have occurred from 100 000 to 700 000 yr ago. This corresponds to the Pleistocene period, when important climatic oscillations induced significant sea level variations. The 120 to 150 m sea level decrease (from the present level) during glacial maxima (Voris 2000) probably provoked changes in the Indian Ocean current configuration, which modified larval dispersal. Allopatric differentiation between eastern and western Indian Ocean populations could also have occurred as a consequence of the Mascarene ridge emergence, which was provoked by marine regression. Then, after a period of isolation without gene flow, a secondary contact, possibly initiated by new environmental changes, led to the current population structure. As illustrated in Fig. 1 , SWIO localities are presently under the influence of the South Equatorial Current flowing from east to west. Since the secondary contact is also orientated westward, its direction is probably linked to larval dispersal. In such a case, Mauritius and Reunion islands could more likely receive leptocephali larvae dispersed by the South Equatorial Current from a Sumatran spawning area than Madagascar and Mayotte, explaining why migrants were preferentially found in the easternmost locations of SWIO. This could also explain why larval duration variance was found to be twice as high in Mauritius as in Mayotte and Madagascar .
We hypothesize that larval dispersal driven by the South Equatorial Current could presently induce some leptocephali transport from an unknown Sumatran spawning area to SWIO localities. Because Indonesian migrants seem to integrate into the SWIO breeding pool, the consequent new allelic combinations arising in the SWIO population can represent an adaptive potential to natural selection, if admixture is accompanied by genetic introgression in SWIO (Seehausen 2004) . Hence, future studies will need to identify the potential variety of pedigrees generated by genetic admixture at the individual level and specifically address the adaptive aspects of the secondary contact evinced in SWIO. 
